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NASA TT F-1 1,510 

R E C E N T  DEVELOPMENTS I N  W I  ND-TUNNEL MEASUREMENTS OF 
A E R O D Y N A M I  C D E R 1  VAT1 VES 

M.Scherer and J.Lopez 

ABSTRACT. Some of t h e  most i mportan t u n s  teady- tes t i ng dev  i ces  
u s e d  i n  wind-tunnels a r e  p r e s e n t e d .  These devices g i v e  t h e  
complete s e t  of d e r i v a t i v e s ,  the knowledge  o f  which is 
necessary to  t h e  s t u d y  o f  f l i g h t  mechanics of planes o r  
missiles.  T h e  tes ts  can be c a r r i e d  out  i n  continuous o r  i n  
i n t e r m i t t e n t  w i n d - t u n n e l s .  S t i n g  dynamometers and micro- 
accelerometers  e q u i p p e d  w i t h  si1 i c i u m  s t ra in-gages  a r e  now 
employed. An example is  g i v e n  f o r  comparison of the w i n d -  
t u n n e l  measurements; i t  dea l s  w i t h  t h e  measurement i n  f l i g h t  
and i n  w i n d - t u n n e l  o f  the STOL-Breguet 941 i n  landing con- 
f i g u r a t i o n .  

1 .  In t roduct ion  

I The o b j e c t  of t h i s  pub l i ca t ion  is t o  o f f e r  a glance a t  t h e  progress  made a t  /3*  
1 ' O . N . E . R . A .  i n  t he  measurement of aerodynamic d e r i v a t i v e s  by the method of  
forced  o s c i l l a t i o n s  s i n c e  the  communication made i n  Brussels  i n  1961 [l]. 

- 

A pre l iminary  remark i s  necessary :  unsteady d e r i v a t i v e s  r ep resen t  only 
one a spec t  of t h e  information requi red  s o l e l y  f o r  s t u d i e s  of  f l i g h t  q u a l i t y .  
A s  a r e s u l t ,  t h e i r  determinat ion i n  a wind-tunnel w i l l  be of i n t e r e s t  t o  
des igners  only if they are obta ined  e a s i l y  and r ap id ly .  
however, a r e l a t i v e l y  broad to l e rance  i n  terms of p r e c i s i o n  w i l l  b e  admit ted.  

On the  o t h e r  hand, 

I t  i s  wi th  t h i s  i n  mind t h a t  t h e  O.N.E .R .A.  measurement i n s t a l l a t i o n s  were 
c r e a t e d  and developed; some opera te  with forced  o s c i l l a t i o n s  and o t h e r s  ope ra t e  
wi th  free o s c i l l a t i o n s  [ 2 ] .  

The d i s c l o s u r e  t o  follow w i l l  dea l  s t r i c t l y  wi th  the  method of  forced  
os c i  1 l a t i o n s .  

The p r i n c i p l e s  of t h e s e  methods are well known and w i l l  be  brought up only 
The considerable  progress  achieved i n  measure- t o  r e f r e s h  t h e  r e a d e r ' s  memory. 

ment techniques i n  r ecen t  years  w i l l  be  e spec ia l ly  s t r e s s e d .  

The p r i n c i p a l  i n s t a l l a t i o n s  of t h i s  type  now i n  s e r v i c e  a t  O . N . E . R . A .  w i l l  
be p re sen ted .  

Some cross-checking aga ins t  f l i g h t  measurement w i l l  g ive  an i d e a  o f  t he  
' v a l i d i t y  o f  t h e  wind-tunnel r e s u l t s .  

* Numbers i n  the  margin i n d i c a t e  paginat-ion i n  the  fo re ign  t e x t .  
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2. Notations 

The no ta t ions  used are i n  conformity wi th  t h e  French s tandards  X 02-105. 

Spec ia l  no ta t ions  are p resen ted :  

- i n  the  t a b l e  i n  Plate  2 ,  where the express ions  f o r  t h e  dimensionless 
c o e f f i c i e n t s  of the aerodynamic de r iva t ives  are given.  

- i n  the  f i g u r e s  i n  Plate  3,  where the f i x e d  referezce axes and t h e  
re ference  axes r e l a t e d  t o  the  mock-up a re  g iven ,  as well as t h e  symbols f o r  

M1, N1) and f o r  t h e  t h e  angles ,  t he  components of t he  r e s u l t i n g  moment ( L  

angular  v e l o c i t y  ( p l ,  q l ,  r , )  on t h e  axes bound t o  t h e  mock-up (Figure 1). 
1' 

1 1 1  

I 3. Descr ipt ion o f  Pr inc ipa l  Arrangements and Methods 

3.1.  Je t s t ream Mounting 

The mock-up i s  a t t ached  t o  the  end o f  a dynamometric s t i n g  
those  used f o r  s t a t i o n a r y  measurements. 

S t r a i n  gages are fas tened  t o  the forward p a r t  of t he  s t i n g  
i n  combination by groups of  fou r ,  each of which i s  a moment dyn 

s i m  

and 
mom 

l a r  t o  

assemb ed 
t e r .  

Five dynamometers a r e  thereby  formed which y i e l d  t h e  p r o j e c t e d  moments 
according t o  two systems of axes ,  s p e c i f i c a l l y :  

having i n  common t h e  a x i s  O1 O2 x 

l a t i o n  of  0 0 along t h e  x1 ax i s  (Figure 2 ) .  

and reduced one from t h e  o t h e r  by t r a n s -  1 1 1  1 2  
1 1  

The s u b s c r i p t  1 i n d i c a t e s  t h a t  t h e  system o f  axes i s  connected t o  t h e  
s t i n g  and t h e r e f o r e  t o  t h e  mock-up, and the s u p e r s c r i p t  i s  used t o  d i f f e r e n -  
t i a t e  them. 

The component p a r a l l e l  t o  t h e  s t i n g  i s  not  measured. The names and symbols 
of t he  f i ve  components are ind ica t ed  i n  the t a b l e  below. 

/5  Angular e longat ion  of t h e  movement o f  t h e  mock-up during o s c i l l a t i o n  i s  - 
measured by a d e t e c t o r  equipped with s t r a i n  gages s imilar  t o  those  of  the  
dynomometers (Figure 3 ) .  This d e t e c t o r  is i n d i c a t e d  by D i n  Figure 5.  

3 .2  S e t t i n g  i n t o  Motion 

Constant  low-amplitude o s c i l l a t i o n s  (QJ 2') with cons tan t  frequency 

2 



( 1  < f < 2 0  Hz) are  fed t h e  mock-up and the s t i n g  success ive ly  around t h e  t h r e e  
axes e i t h e r  blended wi th  o r  p a r a l l e l  t o  the axes def ined  above, by a s imple 
mechanical device.  

TABLE 

Reduction ax i s  of ) Syz?30l ! ,'I moment I Measured 

Yaw "'1 1 

2 
I 0; z 1 

! 0: z1 
! 

! 

I 

The r o l l  motion around t h e  s t i n g  axis  i s  gene ra l ly  e a s i l y  obtained.  

In  c o n t r a s t ,  even i n  Modane's l a rge  supe r son ic  wind-tunnels ,  t h e  s i z e  
o f  t h e  mock-ups p r e s e n t l y  being used does n o t  i n  p r a c t i c e  permi t  t h e  use 
o f  o s c i l l a t i o n s  around an ax i s  pass ing  through t h e  r e p r e s e n t a t i v e  p o i n t  f o r  
t h e  c e n t e r  o f  g r a v i t y  i n  t h e  a i rcraf t  or  engine undergoing tests.  

For  measurements i n  supersonic  o r  t r anson ic  wind-tunnels,  t h i s  reason 
has  r e s u l t e d  i n  t h e  f i x i n g  of t h e  p i t c h  o r  yaw o s c i l l a t i o n  axes downstream 
from t h e  mock-up. 

Allowance has  been made i n  computations f o r  the  lack  of concurrence 
between t h e  o s c i l l a t i o n  and measurement axes [ §  3 . 3 1 .  

3 . 3  Measurement Methods 

The i n d i c a t i o n s  f o r  t h e  dynamometer and p o s i t i o n  d e t e c t o r  as a func t ion  
o f  t i m e  are t r e a t e d  by harmonic ana lys i s  l i m i t e d  t o  the  frequency of t he  
motion imposed. 

n 
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This method o f  ope ra t ion  has t h e  advantage o f  au tomat ica l ly  e l imina t ing  
from the  measurement r e s u l t s  t h e  p a r a s i t e  responses in t roduced  by t h e  
continuous components and harmonic r e s u l t i n g  from no i ses  of  t he  wind- tunnel  
and the  mounting. 

This l i m i t a t i o n  i s  s u f f i c i e n t  i f  t he  responses are l i n e a r ,  a f requent  
case i n  p r a c t i c e .  Two processes  are used f o r  the  a p p l i c a t i o n  of  t h e  method: 

1) The f irst ,  developed and pe r fec t ed  15 years  ago, a p p l i e s  t o  continuous 
1,- ~ ; n d - t m n e ? s .  
reading during t h e  tests.  

In  t h i s  p rocess ,  t h e  wind- tmnel  data are obta ined  by d i r e c t  

I t  c o n s i s t s  of  feeding  the  gage br idges by a s i n u s o i d a l  cu r ren t  wi th  
cons tan t  i n t e n s i t y  and a frequency i d e n t i c a l  t o  t h a t  o f  t h e  motion imposed 
(P la t e  5 ) .  

/6  The phase f o r  t h i s  cu r ren t  i s  repeatedly ad jus t ed ,  f i rs t  i n  coincidence - 
with the  motion and then  squared.  Constant-current  galvanometers,  t he  same 
as those  used f o r  s t a t i o n a r y  measurement and plugged i n t o  t h e  measurement 
diagonals  f o r  the br idges  y i e l d  r e spec t ive ly :  

- After t h e  f i r s t  adjustment ,  t h e  amplitudes f o r  t h e  moment components 9 

R(M1) e t c . . .  i n  phase with the  motion and t h e  amplitude o f  t h e  l a t t e r  R(0,) 

[or  R(ql) o r  R(Q1)l. 

- Following the  second adjustment ,  the components o f  t h e  moment J (M ) 1 
e t c . .  . i n  quadra ture  with the  motion. In t h i s  case t h e  galvanometer plugged 
i n t o  t h e  p o s i t i o n  d e t e c t o r  m u s t  show a zero i n d i c a t i o n  [J (e )  = 01, according 
t o  t h e  d e f i n i t i o n  of  t he  square.  

I t  i s  p r e c i s e l y  i n  a c t i n g  on the  phase conve r t e r  s o  as t o  cancel  t h e  
galvanometer reading t h a t  t h e  adjustment i s  f irst  achieved then  maintained 
throughout  t h e  measurement. 

2 )  I n  the  second p rocess ,  t h e  gages are f e d  a continuous cu r ren t  and t h e  
responses f i x e d  i n  the  b r idge  measurement diagonals  a r e  t r e a t e d  by harmonic 

# a n a l y s i s  ( P l a t e  6 ) .  

This  may be done i n  two ways: 

1 -- Immediately during t h e  t e s t s  by an ana log ica l  means. 

2 - Delayed and us ing  a magnetic r eco rde r ;  i n  t h i s  case t h e  harmonic 
a n a l y s i s  may be carried out  with the  same p r e c i s i o n  by e i t h e r  a numei-ical o r  
analog p rocess .  

. The advantage of  delayed c l e a r i n g  i s  t h a t  it permi ts  measurement of  
fo rced  o s c i l l a t i o n s  i n  i n t e r m i t t e n t  wind-tunnels where t h e  use fu l  dura t ion  o f  
t h e  flow i s  on the  o r d e r  of one second. 
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Tests  i n  the  f i n e  adjustment of  t h i s  measurement chain were c a r r i e d  out  
i n  the  O . N . E . R . A .  i n t e r m i t t e n t  wind-tunnel a t  Chalais-Meudon equipped with 
a Mach 10 tube  through measurement o f  t h e  p i t c h  d e r i v a t i v e s  of  a mock-up 
of  a b l u n t  cone [3] .  

This s e t u p  i s  p r e s e n t l y  being adapted t o  i n d u s t r i a l  measurement. 

I n  each case, t h e  data o f  harmonic ana lys i s ,  d i r e c t  o r  delayed, are 
then transformed i n t o  the  dimensionless c o e f f i c i e n t s  i n d i c a t e d  i n  Plate  2.  

These c a l c u l a t i o n s ,  performed automat ica l ly ,  i n t roduce  var ious  co r rec t ions  
(energy fo rces  non-measured suppor t  deformations non- concurrence o f  
os c i  1 l a t i o n  and measurement axes) .  

The c a l c u l a t i o n  programs on t h e  IBM 704 w i l l  be the  s u b j e c t  of another  
pub 1 i cat i on. 

4. P roa res s Ach i e v e d  

The progress  which has been achieved i n  t h e  l a s t  f o u r  yea r s  has  had a 
bea r ing  on both  improving t h e  measurement chains  and t h e  development of t h e  
mounting i n s t a l l a t i o n s .  

4 .1  Measurement and Control C h a n n e l s  

E l e c t r o n i c  Equipment. 

Various types of equipment designed almost i n t e g r a l l y  with commercially 
mass-produced t r a n s i s t o r i z e d  sets have been pu t  i n t o  s e r v i c e  : 

- c o n t r o l l e d  f eed  of  t he  e l ec t r i c  motors which p e r f o m  t h e  o s c i l l a t i o n  
motions. 

The r o t a t i o n  speed i s  maintained constant  t o  b e t t e r  t han  1% i n  a range 
o f  va lues  which are cont inuously ad jus t ab le  from 2 t o  50 r p s .  
s i g n a l  i s  g iven  by the  vol tage  t o  t h e  terminals  o f  a tachometer gene ra to r  
which i s  compared t o  an ad jus t ab le  re ference  vol tage .  

The e r r o r  

- f requency meters, which are composed b a s i c a l l y  o f  an e l e c t r i c  p u l s e  
g e n e r a t o r  and a counter.  

The p u l s e s  are produced by t h e  i n t e r c e p t i o n  o f  a luminous ray aimed a t  a 
p h o t o e l e c t r i c  c e l l  by c rene l s  which are mounted around t h e  circumference o f  
a d i s k  t u r n i n g  wi th  t h e  same speed as the balance motor. 

- a s i n u s o i d a l  cu r ren t  genera tor  with cons tan t  i n t e n s i t y  and a d j u s t a b l e  
phase.  I t  i s  composed of a constant-modulus symmetrical phase conve r t e r  
which was developed a t  O.N.E .R .A.  and seve ra l  continuous commercially produced 
t r a n s i s t o r i z e d  ampl i f i e r s .  The i n t e n s i t y  o f  t h e  cu r ren t  i s  maintained 
cons t an t  a t  b e t t e r  than 1% devia t ion ,  no mattgr what t h e  phase adjustment;  

* 
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t he  cu r ren t  which i s  de l ive red  makes it poss ib l e  t o  feed  t h e  10 gage b r idges  
which handle 120 ohms a t  16 v o l t s ,  from peak t o  peak. The phase adjustment  
t h re sho ld  is  on the  o r d e r  of 1 mi l l i r ad ian .  

The frequency l e v e l  runs from 2 H z  t o  100 Hz. The c u r r e n t  d i r e c t i o n  
can be  i n v e r t e d  and t h e  phase changed manually and q u i t e  r a p i d l y .  

I - The s i l i c i u m  semi-conductor gages which are p r e s e n t l y  being p u t  i n t o  
s e r v i c e  and which are 60 times more s e n s i t i v e  than r e s i s t a n c e  wire gages 
have made i t  p o s s i b l e  t c  make scme s&staE+, ia l  p rogress  with r e spec t  t n  the  
elements l i nked  t o  the  t a b l e  mountings. The fol lowing example g ives  an i d e a  
of t h e  use of t h e s e  gages:  

I t  has  been p o s s i b l e  t o  inc rease  the  s e n s i t i v i t y  o f  t h e  r o l l  dynamometer 
by seven times and i t s  r i g i d i t y  by f i v e  times through r ep lac ing  the  r e s i s t a n c e  
wire gages which were a t t ached  t o  a support  with a cross-shaped s e c t i o n  area 

which encompasses t h e  former area (Figure 4 ) .  
I 8  by semi-conductor gages a t t ached  t o  a support  wi th  a r e c t a n g u l a r  s e c t i o n  - 

The i n t e r a c t i o n s  a r e  more important  with the  gages a t t ached  t o  t h e  s t i n g  
a x i s  a t  45O; however, they are not  r e s t r i c t i v e  s i n c e  they  can b e  determined 
q u i t e  p r e c i s e l y .  

I t  i s  t o  be hoped t h a t  i n  t h e  f u t u r e  t h e s e  i n t e r a c t i o n s  w i l l  b e  diminished 
through improving t h e  technique of mounting the  gages. 

Like t h e  dynamometers, t h e  p o s i t i o n  d e t e c t o r s  have been equipped wi th  
s i  licium gages. 

- On t h e  o t h e r  hand, due t o  t h e  small s i z e  o f  t h e s e  gages as can b e  seen 
from t h e  dimens ions : 

l eng th  4 mm, width 1 mm, th ickness  20 microns,  t h e  Department of  Physics 
a t  O.N.E.R.A.  has  been ab le  t o  p e r f e c t  accelerometers wi th  dimensions which 
are small enough t o  permit  t h e i r  be ing  i n s t a l l e d  i n s i d e  t h e  mock-ups 
(4  x 2 x  15 mm). 

The measurement th re sho ld  i s  2.5 x 10-3g and t h e i r  n a t u r a l  frequency is  
g r e a t e r  t han  one k i locyc le .  

An example of t h e  i n s t a l l a t i o n  fo r  these  accelerometers  is  given i n  
Figure 11 and 5 4.3.3.1.  

4 .2  A Comment on t h e  J o i n t s  

The u s e  o f  f l e x i b l e  j o i n t s  as a r e  cu r ren t ly  used i n  t h e  automobile 
i n d u s t r y  has  been adopted f o r  a l l  t h e  balances.  As  a reminder,  i t  should be  

in t e r - connec ted  by a rubber  r ing .  
easy c o r r e c t i o n  of alignment e r r o r s ,  i s  o f  s p e c i a l  i n t e r e s t  i n  damping the  

I p o i n t e d  o u t  h e r e  t h a t  they c o n s i s t  o f  two concen t r i c  s t e e l  r i ngs  (Figure 5) 
This p i ece  o f  equipment, which permi ts  

c 
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. 
shocks a t  t h e  peak of  t h e  tes t  when t h e  motion amplitude reaches i t s  maximum 
values .  

4.3 Development  o f  t h e  I n s t a l l a t i o n s  

4.3.1 Ins t a l  l a t i o n  a t  Chalais-Meudon 

A t  O.N.  E .  R. A. s Aerodynamic Research Center  a t  Chalais-Meudon , t h e  
measurement o f  d e r i v a t i v e s  i s  conducted along i n d u s t r i a l  l i n e s  i n  a l l  t h e  wind- 
tunne 1s. 

I t  was po in ted  ou t  e a r l i e r  ( §  3 . 3 )  how t h i s  method was extended t o  
cover i n t e r m i t t e n t  wind-tunnels.  

The t e s t  c o n t r o l  organs and t h e  measurement instruments  are combined i n  
a measurement s t a t i o n  ( P l a t e  8) which i s  l i nked  up t o  the  wind-tunnels and 
the  l abora to ry  where the  mountings are given f i n a l  adjustment;  t h e  communi- 
ca t ion  l i n e s  with t h e  t r anson ic  wind-tunnel S 

considered of  i n t e r e s t  t o  p o i n t  ou t  t h i s  d e t a i l  due t o  t h e  very low va lues  
of  the  measurement cu r ren t s  (on the  o rde r  of  10-9 A ) .  
g r e a t  f l e x i b i l i t y  i n  t h e  manner i n  which the  i n s t a l l a t i o n s  func t ion  and 
e l imina te s  t h e  need t o  move t h e  measurement and con t ro l  ins t ruments  o r  
dup 1 i cat e them. 

/9  - are up t o  800 m long. I t  was 
3 

This arrangement o f f e r s  

4 .3 .1 .  1 

Only one example i s  given h e r e  f o r  the  mountings used i n  r ecen t  y e a r s .  

Example o f  Mounting on t h e  Subsonic Table 

I t  can b e  i n s t a l l e d  e i t h e r  i n  t h e  l a r g e  subsonic  wind-tunnel S o r  i n  the  

S2 wind-tunnel.  

o f  p i t c h  (Figure 5 ) ,  yaw (Figures 6 and 7) and r o l l  (Figure 8 and 9 ) .  

1 
I t  permits  t h e  mock-up t o  undergo success ive ly  o s c i l l a t i o n s  

Plate  1 2  g ives  i t s  b a s i c  c h a r a c t e r i s t i c s .  

The r e s u l t s  ob ta ined  with t h i s  i n s t a l l a t i o n  can be  compared t o  f l i g h t  
measurements. Such a comparison i s  made below i n  § 5. 

4.3.3 T h e  O.N.E.R.A. Transonic and Supersonic  S W i n d - T u n n e l  2 
I n s t a l l a t i o n s  a t  Modane 

Following the  adjustments made on the i n s t a l l a t i o n  a t  t h e  small wind- 
tunne l s  a t  Chalais-Meudon, two mountings were b u i l t  t o  equip t h i s  wind-tunnel 
[4], which has  a r ec t angu la r  experimental  stream channei which i s  1.87 x 1.75 

m and i n  which t h e  genera t ing  p res su re  p 

cont inuous ly  a t  t h e  r e spec t ive  i n t e r v a l s  o f :  

and t h e  Mach number M can be  c o n t r o l l e d  i 

b 

c 

0 .2  < p < 2 b a r s  - i -  ~ 

1.5 < M < 3.2 - -  0.2 < M < 1.3 and - -  

7 
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The f irst  mounting sends r o l l  o s c i l l a t i o n s  t o  t h e  mock-up and t h e  second 
i n s t i l l s  p i t c h  and yaw o s c i l l a t i o n s .  

4.3.3.1 The  Diagram f o r  t h e  Roll Balance is  g i v e n  i n  Figure 8 ,  and 
i t s  C h a r a c t e r i s t i c s  a r e  given i n  P l a t e  15 

Figure 11 shows a view of t h e  dynamometric p o r t i o n  o f  t he  s t i n g .  This 
f i g u r e  shows t h e  two accelerometer  pickhups which permit de te rmina t ion  of 
t h e  p a r a s i t i c  t r a n s v e r s e  motion of  t he  mock-up r e s u l t i n g  from the  dynamic 
deformation o f  t h e  s t i n g .  

Measurement of t he  d i r e c t  d e r i v a t i v e  of t h e  r o l l  moment wi th  r e s p e c t  
t o  t h e  angular  v e l o c i t y  p as represented  by the  c o e f f i c i e n t  C , i n  genera l  

p re sen t s  no p a r t i c u l a r  d i f f i c u l t y .  In f a c t ,  t h e  va lue  o f  t h e  t o t a l  r o l l  
moment, inc luding  t h e  mass and aerodynamic e f f e c t s ,  does no t  exceed t e n  times 
t h a t  of  t h e  phase moment wi th  p ly  a condi t ion which s t i l l  permi ts  measurement 

o f  c 

1’ j p l  

wi th  an approximation on the  order  o f  10%. 
j p l  

In  c o n t r a s t ,  determining t h e  c o e f f i c i e n t  C , which c h a r a c t e r i z e s  t h e  - / l o  
nP1 

crossed  d e r i v a t i v e  of  t h e  yaw moment wi th  r e spec t  t o  p 

precaut ion .  

demands s p e c i a l  1’ 

F i r s t ,  t he  abso lu te  va lue  o f  t h i s  c o e f f i c i e n t  is low, i n  gene ra l  n o t  
exceeding one t e n t h  t h a t  o f  CI . 

P1 

I n  a d d i t i o n ,  t h e  yaw moments introduced by t h e  mass and aerodynamic 
connections cause deformations i n  the  s t i n g  which i n  t u r n  r e s u l t  i n  o t h e r  
yaw moments. 
i n  phase w i t h  p1 and which, beyond a c e r t a i n  frequency, s u b s t a n t i a l l y  exceed 

t h e  va lue  t o  b e  measured. 

Experience has shown t h a t  t hese  moments have components which a r e  

Theore t i ca l  a n a l y s i s  of t h e  phenomenon has shown t h a t  t h e  va lue  of  t h e  
t e s t  frequency need simply be  h e l d  below a s p e c i f i c  l i m i t  i n  o r d e r  f o r  t h e  
c o r r e c t i o n  terms t o  b e  n e g l i g i b l e .  

This conclusion has been confirmed through measurements c a r r i e d  out  i n  
the  supe r son ic  s e c t i o n  of t he  wind-tunnel during t e s t i n g  of  t h e  i n s t a l l a t i o n ’ s  
performance wi th  a mock-up of  t h e  CONCORDE which was normally used f o r  s t eady  
measurements (Figure 1 2 ) .  

4.3.3.2 T h e  Diagram f o r  t h e  Pitch-Yaw Balance is Given  i n  F i g u r e  13 

A l i n e a r  accelerometer  of the  same type  as t h a t  used on t h e  r o l l  ba lance  
is i n s t a l l e d  t o  the  r i g h t  of t he  dynamometric p o r t i o n  of t h e  s t i n g .  I t  i s  

8 
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not  i n d i c a t e d  i n  the  diagram. 

The i n d i c a t i o n s  shown by t h i s  instrument are taken as t h e  phase o r i g i n  
by t h e  quadra ture  adjustments d i scussed  i n  § 3 . 3  above. 

I n  fac t ,  i n  t h e  s p e c i a l  case  of  t h i s  balance,  s t r u c t u r a l  damping of  
t he  s e c t i o n  of  t h e  s t i n g  which i s  n o t  se tup  could a t  h ighe r  f requencies  
in t roduce  non-negl ig ib le  phase displacement between t h e  motion of  a mock-up 
and the  s i g n a l  from the  p o s i t i o n  de tec to r .  

5. Comparison w i t h  F l i g h t  Measurements 

Measurements around the  t h r e e  axes have been made on the  mounting 
descr ibed  i n  5 4.3.1.1 i n  the  S1 wind-tunnel,  us ing  a motor-driven mock-up 

of t h e  BREGUET 941 s h o r t  t akeof f  and landing a i rc raf t  on t h e  scale o f  1 /7  
(Figure 14) .  

The mass of  t h i s  mock-up i s  60 kg, and i t s  span and length  are s l i g h t l y  
over  3 meters. 
diameter ,  t u r n i n g  a t  2750 rpm and dr iven  by an e l ec t r i c  motor i n s t a l l e d  wi th in  
t h e  fuse l age  and a f l e x i b l e  d r ive  similar t o  t h a t  used i n  t h e  a i rc raf t .  

I t  i s  equipped wi th  fou r  p r o p e l l e r s  which are 0 .6  m i n  

In  o r d e r  t o  s a t i s f y  t h e  laws o f  mechanical s i m i l a r i t y ,  t h e  ope ra t ion  
of  t h e  p r o p e l l e r s  demand low flow v e l o c i t i e s  w i t h i n  t h e  i n t e r v a l :  

However, t h e  dynamometers have been shown t o  be  s u f f i c i e n t l y  s e n s i t i v e  - /11 
and p r e c i s e  measurements have been achieved i n  s p i t e  o f  t h i s  l i m i t a t i o n .  

F l i g h t  tests have been made on t h i s  a i rc raf t  wi th  the  j o i n t  cooperat ion 
of NASA and t h e  BREGUET company. 

I n c i d e n t a l l y ,  t h e  BREGUET company has s imula ted  these  tests on an 
analog computer, ad jus t ing  t h e  posted aerodynamic d e r i v a t i v e s  through success  
adjustment  i n  o r d e r  t o  obta in  the  b e s t  comparison aga ins t  f l i g h t  da ta .  

This  comparison is made he re  on the  fol lowing parameters :  

1 )  Dutch r o l l .  

2) Maximum responses of angular  v e l o c i t i e s  f o r  yaw M r o l l  p and s i d e -  1’ 1 
s l i p  ang le  j ,  t o  impetus t o  t h e  rudder .  

3)  Maximum response of angular  ve loc i ty  of r o l l  p1 t o  impetus t r a n s -  

* m i t t e d  t o  t h e  a i l e r o n s .  

The va lues  r e s u l t i n g  from t h i s  study are-compared t o  those  measured i n  
P 
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t he  wind-tunnel (P la t e  19) .  Comparison shows t h a t  t he  va lues  of t h e  
measured de r iva t ives  i n  the  wind-tunnel are i n  c lose  agreement with the  
mean values  of  t he  de r iva t ives  read out  on t h e  computer, wi th  the  except ion 

I of t h e  crossed r o l l  d e r i v a t i v e s  C, and C1 . 
1 r 

6 .  Conc 1 us i on 

i n  conclusion,  it is  poss ib l e  at t h i s  po in t  t o  f u r n i s h  designers  most 
of the  aerodynamic de r iva t ives  necessary f o r  c a l c u l a t i o n  of f l i g h t  mechanics, 
with only a s l i g h t  delay and with the  measurements being of a commercial 
na ture .  

Study of t h e s e  de r iva t ives  wi th  respec t  t o  a c c e l e r a t i o n  has j u s t  
go t t en  underway a t  O.N.E .R .A.  and was pa t t e rned  a f t e r  t h e  se tup  used a t  t he  
CORNELL Laboratory i n  the  U . S . A . ,  although the  r e s u l t s  obtained a r e  s t i l l  
too modest t o  be presented  here .  

Thus , we a r e  beginning t o  obta in  encouraging comparisons between f l i g h t  
r e s u l t s  on a i r c r a f t  s t u d i e d  by t h e  unsteady methods i n  wind-tunnels.  
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Plate 2 
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P l a t e  3 

Figure 1. Coordinate Axes Defining t h e  P o s i t i o n  of the  A i r c r a f t  
i n  Space (a )  and on Tra j ec to ry  (b). 

r 
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Caption t o  Figure 1 

G x y z 

G x y z 
The angles  represented  a r e  p o s i t i v e ,  the  curve arrows i n d i c a t e  the  
p o s i t i v e  d i r e c t i o n  of  t he  components of  angular  v e l o c i t y  (a) and 
o f  aerodynamic moment (b) .  

Gal i lean  coordinate  a x i s ,  G zo being the  v e r t i c a l ;  

A i rc ra f t  coordinate  a x i s ,  G x z 
0 0 0  

1 1 1  1 1  
being t h e  p l ane  symmetry; 
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Pla te  7 

ROLL DYNAMOMETER 

X 

Comparison i n  s e n s i t i v i t y  and f l e x i b i l i t y  

S t r a i n  d e t e c t o r  

Sec t ion  

Ro 11 r p p o n s  e 
i n  AR/R 

f o r  L = 9.81 m.N 

I n t e r a c t i o n s  

i n  % of  L 

due t o  I" z 

F l ex ib  i 1 i t y  

i n  r/mN 

Semi- conductor 

180,000 

3% 

1% 

0.1% 

0.4% 

0.0031 

Res is tance wire 

i 9 - i  

3,000 

None 

unmeasure 

0.0031 

25,000 

<o. 1% 

0.016 
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Subsonic 

10 s vG40 ms" 
I-.-,------.- - 

Modified c i r c u l a r ,  plane 
p e r f o r a t e d  w a1 1s 

Sub s o n i  c 

Trans o n i  c 

Con t r o  1 l e d  re ct angul ar 

I ----- I I a C i r c u l a r  f r e e  

\ 

$ 

\2, R:, 
Hype rs o n i  c 

0 
I n t e r m i t  t e n t  

20 



Plate 9 

f.6- -A. - 

P I  TCH SlCh and S2 Ch 

I 

I 

~ 

CHANNEL 

FIG. 5. 
Incidence cont r o  1 

.. 

Mo ck - up 
longi  t ud in  a1 

a 
. .  Drive connect in  rod  i .. . 

- e x c e n t r i c  
I I 



: c  

..ry ---m - 

5 

1; 

. 

, >,"e.. 1 . 

, 

22 



, 

a t e  11 

23 



Pla t e  1 2  

THE CHALAIS-MEUDON SI AND S2 BALANCE. 

8, %,@, ' 
Amplitudes 

Mean incidence 

Mean s i d e - s l i p  

Frequency 

5 - component moment 

dynamometer ~ 

Distance between leading and trail- axes 

Maximumamplitudes o f  moments 

Meg uremen t thresh  o 1 d 

Maximum- mock-up mass 

. %  1 6. '23 degrees 

6.3 

+ D 100 
0 04 1 

6 0 .  

Size  of balance head cy 1 i n  de r 

length 

mm 

Nm ' 

Nm 

Kg 

15 cm 

60 cm 

.. 
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Roll angle amplitude @ 

Frequency 

P l a t e  15 
MODAN S2 ROLL BALANCE 

23 degrees 

5 < f < 10Hz - -  
I 
I 

5-coqonent  moment dynamomet'er L1 6 
M: N: t r a i l i n g  

Distance between leading and 
t r a i l i n g  axes 34 mm 

Maximum amplitude of moments 

Me suremen t thresho 1 d 

Transverse accelerometer ; 
measurement thresho 1 d ' 

Dimensions of cy l inder  wal l  
f o r  dynamometer s t i n g  

Mock-up mass 

30 Nm 

0.01 Nm 

0.0025 g 

diameter 25 cm c length 60 cm 
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Plate  19 

I 

p1(rs-')1 0.4 

BREGUET 941 

Landing Configurat ion 

0.45 

1) Comparison o f  r e s u l t s  from f l i g h t  and analogue computer 

Analogue (1 

Dutch r o l l  

1 L- xx z z  
I 

-8.5 :-8 0 6 1 0 .6  , -1.5 4 5.2 

Responses t o  one s t e p  on rudder  

Angular v e l o c i t y  of  maximum yaw 

Angular v e l o c i t y  of  maximum r o l l  

Side-s  l i p  angle  

computer 1 2  

Response t o  one s t e p  on a i l e r o n s  

Angular v e l o c i t y  o f  maximum r o l l  

I 

, -10 1-15 1 -2.4 1 2 I i 0.5  1-1.6 1 4.2 1 5.9 

2) Comparison of computer and wind-tunnel 

I 

Wind- tunne 1 1 -11.5/-12 

SYMBOL \FLIGHT)  COMPUTER!2l 

, t 

-1 .2  10 I 1 1-1.5 \\ 

seconds 1 8.1 I 7.4 
time i n  I 

I I 
r (rs- ' )!  -0.16 i 1-0.2 
1 

p,( " )I  -0.09 

j dg 1 27.5O 
I 

8 . 7  

-0.17 

-0.12 

25' 

0.41 

C o e f f i c i e n t s  1 Clpl ICnrll Cnpl l C l r l  / C l j l  I Cnjl 1 Gyration r a d i i  (m) 
- - 

b 
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